Regulation of the Drosophila transcription factor, Cubitus interruptus, by two conserved domains  by Croker, Jennifer A. et al.
Developmental Biology 291 (2006) 368–381
www.elsevier.com/locate/ydbioGenomes & Developmental Control
Regulation of the Drosophila transcription factor, Cubitus interruptus,
by two conserved domains
Jennifer A. Croker 1,2, Suzanne L. Ziegenhorn 2, Robert A. Holmgren ⁎
Department of Biochemistry, Molecular Biology, and Cell Biology, Robert H. Lurie Comprehensive Cancer Center,
Northwestern University, 2205 Tech Drive, Evanston, IL 60208, USA
Received for publication 9 August 2005; revised 6 December 2005; accepted 8 December 2005
Available online 18 January 2006Abstract
Hedgehog signaling is required for the development of many organisms, including Drosophila. In flies, Hh patterns the embryonic epidermis
and larval imaginal discs by regulating the transcription factor, Cubitus interruptus (Ci). To date, three levels of regulation have been identified:
proteolytic processing into a repressor, nuclear import, and activation. In this report, we characterize the function of two Ci domains that are
conserved in the vertebrate homologues, GLI1, GLI2, and GLI3. One domain includes the first two of five C2–H2 zinc-fingers. While conserved
in all members of the GLI/Ci family, the first two fingers do not appear to make significant contacts with the DNA target sequence. Ci protein
lacking this region is still able to interact with the cytoplasmic complex and activate transcription in embryos and wing imaginal discs, but it is no
longer processed into the repressor form. The second domain, termed NR for “N-terminal Regulatory”, binds Suppressor of Fused. Deletion of this
region has little effect on embryonic patterning, but compromises cytoplasmic retention of Ci. Analysis of the amino acid sequence of this domain
identifies 11 perfectly conserved serines and one tyrosine. We propose that this region may be modified, possibly by phosphorylation, to regulate
Ci nuclear import.
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The development of Drosophila from a fertilized egg to an
adult fly requires the sequential elaboration of complex signal-
ing events, which specify cells in relation to each other. Central
to this process are morphogens, such as the Hedgehog (Hh)
protein, which play key roles in patterning embryonic segments
and imaginal discs (Hooper and Scott, 2005; Ingham, 1991).
In Drosophila, segments are divided into anterior and pos-
terior compartments (Crick and Lawrence, 1975; Garcia-Bel-
lido et al., 1973). This distinction is maintained by the posterior
compartment expression of Engrailed (En), a homeodomain-
containing repressor protein (Desplan et al., 1985; Han and
Manley, 1993; Morata and Lawrence, 1975). Posterior com-⁎ Corresponding author. Fax: +1 847 467 1380.
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1992; Tabata et al., 1992) which acts to pattern cells in the
anterior compartment (see Ingham and McMahon, 2001, Hoop-
er and Scott, 2005 for review).
In the anterior compartment, Hh binds Patched (Ptc), a
multipass transmembrane protein that normally functions to
inhibit Hh target gene expression (Chen and Struhl, 1996;
Ingham et al., 1991). Binding of Hh induces internalization of
Ptc while concurrently increasing the phosphorylation of
Smoothened (Smo), a seven-pass transmembrane G-protein-
like receptor, which accumulates at the cell surface (Alcedo et
al., 1996, 2000; van den Heuvel and Ingham, 1996). Studies in
Drosophila salivary glands support these findings by demon-
strating a Hh-dependent relocalization of Smo from internal
membranes to the cell surface (Zhu et al., 2003).
Correlated with these changes is the relief of Ptc repression
of Smo and transmission of a signal to a cytoplasmic complex
containing a number of proteins shown to function in the Hh
pathway (Chen and Struhl, 1998). These include Costal-2 (Cos-
2), a kinesin-like protein that binds microtubules, Fused (Fu), a
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novel PEST-domain containing protein, and Cubitus interruptus
(Ci), the transcriptional mediator of the Hh signal (Alexandre et
al., 1996; Alves et al., 1998; Dominguez et al., 1996; Hepker et
al., 1997; Pham et al., 1995; Preat, 1992; Robbins et al., 1997;
Sanchez-Herrero et al., 1996; Sisson et al., 1997). Analysis of
deletion and chimeric forms of Smo suggest that the graded Hh-
responses observed in wing imaginal discs are mediated by
different domains of Smo (Hooper, 2003). In addition, several
groups have shown a direct interaction between Cos-2 and
Smo, suggesting that the cytoplasmic complex receives the
Hh signal directly from the Smo protein leading to changes in
the phosphorylation states of Cos2, Fu, and Su(fu) (Jia et al.,
2003; Lum et al., 2003; Ogden et al., 2003; Ruel et al., 2003;
Stegman et al., 2004).
It appears that the differential response to the Hh gradient
involves distinct modes of regulation of the transcription factor,
Ci. Briefly, ci is expressed throughout the anterior compartment;
however, a post-translational proteasome-dependent processing
event away from Hh signaling truncates the full-length protein,
Ci-155, into the Ci-75 repressor molecule (Aza-Blanc et al.,
1997; Eaton and Kornberg, 1990; Slusarski et al., 1995). The
former includes a transactivation domain in the C-terminus,
thereby allowingCi-155 to activate target gene expression (Alex-
andre et al., 1996; Hepker et al., 1997). Ci-75, on the other hand,
lacks this domain yet retains DNA binding ability allowing it to
function as a repressor (Aza-Blanc et al., 1997; Hepker et al.,
1997). A second level of regulation involves the Hh-dependent
nuclear localization of Ci-155 (Chen et al., 1999; Methot and
Basler, 2000; Wang and Holmgren, 2000; Wang et al., 2000).
Finally, Ci-155 appears to function as a more potent, or “activat-
ed,” transactivator immediately adjacent to the anterior/posterior
boundary where cells receive the greatest concentration of Hh
(Methot and Basler, 1999; Wang and Holmgren, 1999).
Though proteolytic processing and regulation of nuclear
import would be reasonable explanations for Hh regulation of
target gene expression, they are not sufficient. Ci is not proteo-
lyzed and freely localizes to the nucleus in cos2 mutant clones;
however, genes normally expressed in response to the highest
levels of Hh signaling are not activated in these cells (Wang and
Holmgren, 1999, 2000). Lum et al. (2003) extend these find-
ings by demonstrating a requirement for Cos2 in Hh induced
activation of pathway components, particularly for responses to
the highest level of Hh. Therefore, some additional level of
regulation must occur in the presence of Hh that modifies full-
length Ci-155 activity.
We sought to characterize domains in Ci that might contrib-
ute to its regulation. By comparing the amino acid sequence of
Ci to the three vertebrate homologues, GLI1, GLI2, and GLI3,
one finds two highly conserved domains for which no function
has previously been assigned (Kinzler and Vogelstein, 1990;
Orenic et al., 1990; Ruppert et al., 1990; Tanimura et al., 1998).
One domain includes the first two of five tandem C2–H2 zinc-
fingers. The crystal structure of the GLI1 zinc finger domain in
complex with DNA showed that the sequence specific interac-
tions map to the last three zinc-fingers (Pavletich and Pabo,
1993). Deletion of the first two zinc-fingers creates a hyper-morphic Ci protein suggesting that these fingers are required
for the proper negative regulation of Ci in the absence of Hh
signaling. The second domain is a serine-rich region in the
amino-terminus that we have termed NR (N-terminal Regula-
tory) (Ruppert et al., 1990). Deletion of this region compro-
mises Ci cytoplasmic retention.
Materials and methods
Fly strains
prd-GAL-4 (Brand and Perrimon, 1993) was obtained from A. Brand ci94
(Slusarski et al., 1995) and 4bs-lacZ (Hepker et al., 1999) have been described
previously, ciDPlac (Eaton and Kornberg, 1990) was obtained from T. Kornberg,
and yw ActinNCD2NGAL-4 was obtained from L. Zipursky (Pignoni and
Zipursky, 1997). Other stocks were obtained through the Bloomington Stock
Center.
DNA constructs
All ci constructs were derived from a pGEM7Zf-Ci-cDNA construct de-
scribed previously (Hepker et al., 1997). They were all cloned as BamHI–BglII
fragments into pUAST (Brand and Perrimon, 1993) and integrated into the fly
genome by germ line transformation. UAS-Ci(X) refers to any of the various
constructs used in this study, including those described below. Multiple inde-
pendent lines were established for each construct.
ci-GAL4
A BglII linker was used to replace the existing AatII site of pGEM5Zf
(Promega). The enhancer/promoter region of ci, encompassing the transcription
and translation initiation sites and 4 kb of 5′ sequences, was isolated as a single
BglII fragment from a ciminigene construct (pGEM4Zf-ci) (Hepker et al., 1997)
and cloned into the pGEM5Zf vector. A linker containing HindIII and KpnI sites
was then cloned into the AatII site between the transcription and translation start
sites of ci. The GAL4 coding sequence was then cloned as a HindIII–KpnI
fragment. The complete BglII fragment was then cloned into pCASPER3 and
transformed into the fly germline by S. Smolik's group. Two lines were
established, one on chromosome 2 and another on chromosome 3. ci-GAL4
on chromosome 3 drives higher levels of transgene expression. Nine inde-
pendent wild type UAS-Ci lines were expressed with the two drivers. All
nine gave a wild type phenotype with ci-GAL4 on 2, whereas with ci-GAL4
on 3, three of the wild type ci transgenes had a gain of function phenotype in
which the embryonic denticle belts were deleted and replaced with naked
cuticle. We used this same assay to classify the expression levels of the UAS-
CiΔNRmyc and UAS-CiΔZ2myc constructs described below. Approximately
10–15 lines were assayed for each construct. Those that when crossed to ci-
GAL4 on 3 disrupted the development of wild type animals were assumed to
be expressing the transgene at excessive levels and were not used in subse-
quent experiments.
UAS-CiΔNRmyc
An NheI site was created in the ci coding region 3′ of the NR region by site
directed mutagenesis (was: TCT GCTACC GCC, now: TCT GCTAGC GCC).
The new NheI site changed amino acid 262 from a threonine to a serine. The NR
region was replaced with a myc epitope tag by digestion with BstZ17I plus NheI
and inserting two complementary oligos: 5′-TAATCGAACAAAAGCTTATTT-
CTGAAGAAGACTTGG-3′ and 5′-CTAGCCAAGTCTTCTTCAGAAATAA-
GCTTTTGTTCGAT-3′. The sequence of site directed mutation and the surround-
ing region, as well as the epitope tag, was confirmed and reassembled into the
ci-cDNA. The region deleted encompasses amino acids 208–260.
UAS-CiΔZ2myc
The AatII and NsiI sites of pGEM5Zf were changed to BamHI and BglII
sites, respectively. A myc epitope was cloned as an EcoRV–NdeI fragment into
this manipulated vector using three oligos: 5′-ATCGAACAAAAGCTTATTT-
CTGAAGAAGACTTGCA-3′, 5′-TATGCAAGTCTTCTTCAGA-3′, and 5′-
370 J.A. Croker et al. / Developmental Biology 291 (2006) 368–381AATAAGCTTTTGTTCGAT-3′. The coding sequence of ci was then cloned 5′
as a BamHI–EcoRV fragment, and 3′ as a NdeI–BglII fragment. All manipula-
tions were sequence verified. Amino acids 442–506 of the ci-cDNA were
deleted and replaced by a myc epitope in the final construct.
UAS-Su(fu)
The Su(fu) coding sequence was isolated from pDA-HA-Su(fu) (Fukumoto
et al., 2001). A KpnI site was inserted after the last codon directly 5′ of the
terminator to facilitate generation of C-terminal fusion proteins. Su(fu) was then
cloned as SalI–XbaI fragment into pUAST (Brand and Perrimon, 1993) and
integrated into the fly genome by germ line transformation.
Experimental fly crosses
Cuticle assays
The following crosses tested the functionality of the various UAS-Ci con-
structs in embryos:
yw; ci-GAL4/CyO; ci94/y+ × yw; UAS-Ci(X)/+; ci94/y+
Cuticle mounts were as described (Van der Meer, 1977). Embryos homo-
zygous mutant for the endogenous ci gene was recognized by their phenotyp-
ically yellow denticle belts. For each mutant transgene, at least three
independent lines were analyzed. For wild type, nine independent lines were
analyzed and all gave a wild type phenotype.
Embryonic gene expression assays
Gene expression patterns were assayed in the progeny of the following crosses:
yw; ci-GAL4/+; ci94/ciDPlac × yw; UAS-Ci(X)/+; ci94/ciDPlac.
Embryos were prepared as described (Motzny and Holmgren, 1995) and
observed on a Leica TCS Sp2 Spectral Confocal. ci94 homozygotes were
identified by lack of β-Galactosidase staining. UAS construct expression was
detected with the 2A1 anti-Ci antibody.
Embryonic overexpression assays
Gene expression patterns were assayed in the progeny of the following
crosses raised at 18°C:
w; prd-GAL4 × w; UAS-Ci(X)
Embryos were collected at stage 11 and prepared as described (Motzny and
Holmgren, 1995) and observed on a Leica TCS Sp2 Spectral Confocal. UAS
construct expression was detected with the 2A1 anti-Ci antibody, and for each
mutant transgene, at least two independent lines were analyzed.
Imaginal disc target gene expression
Mutant clones were generated by heat shocking the larvae of the following
crosses 48–72 h after egg laying for 60 min at 35°C:
yw ActinNCD2NGAL-4; 4bs-lacZ × ywHSFlp; UAS-Ci(X)
yw ActinNCD2NGAL-4 × ywHSFlp; UAS-Ci(X)
The heat-shocked larvae were raised at 18°C to reduce Gal4 activity. Third
instar larvae were dissected and fluorescent antibody stainings were performed
on wing imaginal discs. UAS expression was detected with the 2A1 anti-Ci
antibody and construct activity was assayed either with anti-β-Galactosidase or
anti-En. For each mutant transgene, at least two independent lines were analyzed.
Assay for repressor formation
Progeny from the following crosses were assayed for Ci-75 repression of
hh-lacZ:
yw HS-Flp MS1096-GAL4; smo1 FRT40A/CyO; hh-lacZ × Ubi-GFP
FRT40A/+; UAS-Ci(X)/+MS1096 is a GAL4 driver that targets UAS-Ci(X) expression throughout the
wing pouch. Clones lacking Smo function were generated by FLP mediated
recombination (Golic and Lindquist, 1989; Xu and Rubin, 1993) and hh-lacZ
expression levels assayed with an antibody to β-Galactosidase.
Ci nuclear import assay
Progeny from the following cross were heat shocked 48–72 h after egg
laying for 60 min at 35°C to generate UAS-Ci(X) expressing clones:
yw ActinNCD2NGAL4 × ywHSFlp; UAS-Ci(X)
yw ActinNCD2NGAL4; UAS-Su(fu) × ywHSFlp; UAS-Ci(X)
Larvae were raised at 18°C to reduce GAL4 activity, and LMB treatment was
performed on third instar wing imaginal discs as previously described (Wang
and Holmgren, 2000). The efficacy of LMB treatments could be assessed by
following endogenous Ci localization at the compartment boundary in response
to high levels of Hh signaling which induces nuclear entry. For each mutant
transgene, at least two independent lines were analyzed.
Immunohistochemistry
Imaginal discs were prepared as in Carroll and Whyte (1989). Images were
collected on a Zeiss Axiophot Microscope fitted with a digital camera and
analyzed with VayTek deconvolution software. Antibody stainings of embryos
or imaginal discs were performed with the monoclonal antibody 2A1 (Motzny
and Holmgren, 1995), which only recognizes the full-length form of Ci, anti-β-
Galactosidase (Zhang et al., 1994), anti-Ptc (Capdevila et al., 1994), anti-En
(Patel et al., 1989), anti-Wg (van den Heuvel et al., 1989) (Developmental
Studies Hybridoma Bank), anti-Myc (Developmental Studies Hybridoma
Bank), anti-Su(fu) (Lum et al., 2003) (Developmental Studies Hybridoma
Bank), or anti-GFP (Molecular Probes). All secondary antibodies were pur-
chased from Jackson Immunoresearch Laboratory.
Western blotting
Ci-155 and Ci-75 were detected with monoclonal antibody 1C2 (Wang and
Holmgren, 1999). CiΔZ2myc could be detected by its myc epitope using an
anti-myc antibody and was expressed in embryos using the CiGal4 driver. All
HRP-conjugated secondary antibodies were purchased from Sigma.
Yeast two hybrid assay
Su(fu)/pCD.2
The coding sequence of su(fu) was removed as a NcoI–XbaI fragment from
pDA-HA-Su(fu) (Fukumoto et al., 2001) and cloned into pCD.2 (Durfee et al.,
1999). Su(fu)/pCD.2 was transformed into the yeast strain YD116 (MATa ura3-
52 his3-200 leu2-trp1-901 canRgal4Δ512 gal80Δ338 lys2-801::UASG-His-lacZ
ade2-101::GAL1-URA3) (Durfee et al., 1999) using the lithium acetate method
as previously described (Schiestl and Gietz, 1989). The junctions were verified
by sequencing.
CiNR/pACT.2
The NR domain (a 150 base pair fragment) was amplified from pGEM7Zf-
Ci-cDNA using two flanking oligos engineered with either a NcoI or PstI
restriction site at the 5′ termini to facilitate cloning into pC-ACT.2 (Durfee et
al., 1999): 5′-AACCATGGCGAGCATAAGCCGC-3′, 5′-TTCTGCAGGGTA-
GCAGAAATATG. The junctions and fragment were sequence verified and
transformed into the yeast strain YD119 (MAT∂ ura3-52 his3-200 leu2-trp1-
901 canRgal4Δ512 gal80Δ338 lys2-801::UASG-His-lacZ ade2-101::GAL1-
URA3) (Durfee et al., 1999) using the lithium acetate method as previously
described (Schiestl and Gietz, 1989).
Ci C-terminal domain/pACT.2
The Ci C-terminal domain of ci (a 1068 base pair fragment) was amplified
from pGEM7Zf-Ci-cDNA using two flanking oligos engineered with either a
NcoI or PstI restriction site at the 5′ termini to facilitate cloning into pC-ACT.2
(Durfee et al., 1999): 5′-AACCATGGGACAGTTTCGTCGCG-3′, 5′-AACT-
GCAGCGCATTTGGCATGCCC. The junctions and fragment were sequence
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leu2-trp1-901 canRgal4Δ512 gal80Δ338 lys2-801::UASG-His-lacZ ade2-101::
GAL1-URA3) (Durfee et al., 1999) using the lithium acetate method as previ-
ously described (Schiestl and Gietz, 1989).
The yeast strain YD116 containing the Su(fu)-pCD.2 fusion was mated with
YD119 transformants containing the pACT.2 fusions. A truncated version of
varicose that has no expected role in Hh signal transduction was used as a
negative control as was pACT.2. Diploids were selected on SCglu-UHW.
Growth on SCglu-HW was observed after 24 h at 30°C. Each assay was done
two times.Results
Conservation between Drosophila Ci and the vertebrate GLI
proteins
Ci has long been known to have significant homology to the
GLI family of vertebrate transcription factors (Kinzler and
Vogelstein, 1990; Orenic et al., 1990; Ruppert et al., 1990;
Tanimura et al., 1998). Particularly obvious is the conservation
of the five tandem zinc-fingers that comprise the DNA-binding
domain. The crystal structure of the GLI zinc-finger domain in
complex with DNA has been solved (Pavletich and Pabo, 1993)
and implicates the last three zinc-fingers as having the most
extensive interaction with the double helix. Nevertheless, the
first two zinc-fingers retain considerable identity throughout
evolution suggesting a potentially conserved function (Fig. 1C).
A second region in the amino-terminus of Ci that retains
significant sequence identity with the GLI proteins in mouse
and human has also been described (Kinzler and Vogelstein,
1990; Orenic et al., 1990; Ruppert et al., 1990). We have
termed this 49 amino acid domain NR for “N-terminal Regu-
latory” based on the results presented below (Fig. 1B).
To understand the functional significance of the first two
zinc-finger and NR domains, we generated a series of con-
structs in which the DNAs encoding these regions were inde-
pendently deleted and replaced with a myc epitope and cloned
into the pUAST vector (Brand and Perrimon, 1993). We also
took advantage of a previously published construct, UAS-
CiZnC, in which sequences amino-terminal to the zinc-finger
DNA-binding domain have been eliminated (Hepker et al.,
1997). All constructs are outlined in Fig. 1D.
Generation of a ci-GAL4 driver that can recapitulate the ci
expression domain
To facilitate our studies, the yeast GAL4 gene was placed
under the control of a ci enhancer/promoter region that had
previously been used to rescue ci null mutants (Fig. 2A). This
ci-GAL4 driver appears to reproduce the ci expression domain.
Therefore, we can assay the function of UAS constructs, par-
ticularly UAS-Ci constructs, in cells that would normally ex-
press Ci.
ci is expressed ubiquitously during early embryonic devel-
opment starting at stage 5. Later, due to En repression, ci
expression is resolved into 15 anterior stripes by stage 10
(Eaton and Kornberg, 1990; Orenic et al., 1990). When UAS-
lacZ was driven by ci-GAL4, this embryonic expression patternwas recapitulated, though with a time delay due to the interven-
ing step of Gal4 production (Figs. 2C–E). Uniform expression
of β-Galactosidase protein is detected by stage 10 and resolves
into anterior stripes by stage 15/16. It is likely that in the
posterior compartment both Gal4 and β-Galactosidase are
more stable than Ci and perdure longer in these cells.
The new driver was also analyzed in wing and leg imaginal
discs. The expression pattern of ci-GAL4 driving UAS-GFP
(Fig. 2B) confirms ubiquitous anterior-compartment expression
similar to that originally reported for a lacZ-containing P-ele-
ment insertion in the ci locus (ciDplac) (Eaton and Kornberg,
1990).
Conserved domains of Ci contribute differently to embryonic
patterning
To determine the function of each of the conserved Ci-
domains, we analyzed ventral abdominal denticle patterning of
embryonic cuticles in which endogenous Ci was replaced by the
various deletion constructs. The ci94 null background has a very
characteristic ventral phenotype in which the regions of naked
cuticle are replaced by mirror-image duplications of denticles
(Fig. 3A) (Slusarski et al., 1995). We used ci-GAL4 to express
UAS-Ci constructs in the endogenous ci expression pattern. ci94
null mutant animals were identified by their yellow denticle
belts. Mutant animals expressing a UAS-Ci construct were rec-
ognized by a change in denticle belt patterning that was distinct
from controls.
Expression of UAS-Ci-cDNA in ci94 mutants (Fig. 3B) com-
pletely restores the wild type iterative pattern of denticles and
naked cuticle in embryos. These animals complete development
and eclose into normal-looking, sterile adults. Expression of the
zinc-finger deletion,UAS-CiΔZ2myc, in ci94mutants results in a
deletion of the posterior region of each denticle belt and a partial
duplication of the anterior denticles (Fig. 3C). This phenotype is
similar to that seen in ptc and cos2 mutants (Grau and Simpson,
1987; Nusslein-Volhard et al., 1984). This suggests that elimi-
nation of the first two zinc-fingers generates a hypermorphic or
gain-of-function molecule. Similarly, expression of UAS-CiZnC
generates a ptc-like phenotype (Fig. 3F). The latter result
implies that, in addition to the zinc-fingers, there exist one or
more motifs in the amino-terminus necessary for Ci negative
regulation. Specific deletion of the NR region (UAS-CiΔNR-
myc) gives rise to a range of phenotypes from a mild gain-of-
function phenotype in one line (Fig. 3D) to wild type in three
other lines (Fig. 3E).
Given the embryonic cuticle phenotypes associated with
each Ci construct, we decided to analyze Hh target gene expres-
sion in the embryo. Both the NR and zinc-finger deletions were
capable of activating wg expression in the absence of endoge-
nous Ci (Figs. 4A′, B′, respectively). Additionally, we demon-
strate that en expression is maintained but not duplicated in
embryos expressing these constructs (Figs. 4C′, D′, respectively).
To further examine the ability of these molecules to induce
Hh gene expression, we utilized the prdGal4 driver to over-
express the deletion mutants in alternating segments and
assayed wg expression in stage 11 embryos. Expression of the
Fig. 1. Vertebrate GLI proteins retain significant homology with the Drosophila Cubitus interruptus (Ci) protein. (A) Schematic of Ci to scale. Two highly conserved
domains include the “N-terminal regulatory” (NR) region in the amino-terminus and the zinc-finger DNA-binding domain consisting of five tandem C2–H2 zinc
fingers. (B) Sequence alignment of the NR region of human and mouse GLI1 (Hs and MmGli1NR), GLI2 (from mouse only), and GLI3 (Hs and MmGli3NR)
proteins with Drosophila Ci (DmCiNR). There does not appear to be a similar region in the nematode homologue, Tra-1. Arrows indicate conserved serine/threonine
in black, tyrosine in grey. (C) Sequence alignment of the first two zinc-fingers of all the vertebrate GLI genes (Hs and Mm Gli1Z2, Gli2Z2, and Gli3Z2) with
Drosophila Ci (DmCiZ2). The two Cysteines and two Histidines that conjugate zinc in each finger are in bold. (D) Various UAS-Ci deletion constructs were generated
to address the functional significance of conserved domains. UAS-Ci-cDNA and UAS-CiZnC were previously described (Hepker et al., 1997). In UAS-CiΔNRmyc, the
NR region (amino acids 208–260) was replaced by a single myc epitope. In UAS-CiΔZ2myc, the first two zinc-fingers (amino acids 442–506) were replaced by a
single myc epitope.
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expression of the zinc-finger deletion slightly expands the do-
main of endogenous wg in alternating segments (Fig. 4G′)
suggesting that this molecule is more active than wild type Ci.
Furthermore, the domain of ectopic Ci is broadened in the case
of UAS-CiΔZ2myc (Fig. 4G) compared to overexpression of
wild type Ci and UAS-CiΔNRmyc (Figs. 4E, F, respectively)
consistent with the hypothesis that this molecule may have a
processing defect.Conserved domains show distinct functions in response to Hh
signaling in the wing
The wing imaginal disc has proven an excellent model sys-
tem to study the morphogenetic actions of Hh signaling. The
transcriptional mediator of Hh signaling, Ci, is regulated at three
levels (Lefers et al., 2001): activation, nuclear import, and
proteolytic processing. We decided to examine how each of
these aspects is regulated in each of our deletion constructs.
Fig. 2. The ci-GAL4 driver induces gene expression that follows the normal ci expression domain. (A) Schematic diagram of the ci-GAL4 construct (see Materials and
methods). (B) In the wing and leg imaginal discs of UAS-GFP/ci-GAL4 flies, GFP is expressed throughout the anterior compartment comparable to endogenous ci
(anterior is to the left in the wing and to the right in the leg discs) (Eaton and Kornberg, 1990; Motzny and Holmgren, 1995). (C–E) UAS-lacZ/ci-GAL4 embryos,
stained for β-Galactosidase (β-Gal) expression. Stage 11 (C) and Stage 14 (D) embryos show ubiquitous expression of β-Gal. Soon thereafter, the expression of β-
Gal resolves into iterative anterior compartment stripes, as seen in this Stage 16 embryo (E).
373J.A. Croker et al. / Developmental Biology 291 (2006) 368–381Immediately adjacent to the A/P boundary of the wing in the
wing pouch, Ci can activate the expression of the reporter 4bs-
lacZ in response to the highest levels of Hh exposure (Hepker et
al., 1999). Clones expressing various UAS-Ci proteins wereFig. 3. Cuticle mounts were prepared of ci94 embryos (A) in which various UAS const
Ci-cDNA can fully rescue a null mutant phenotype, restoring regions of naked c
phenotype reminiscent of ptc or cos2 mutants in which the posterior portion of the ab
denticles. This result suggests that the first two zinc-fingers negatively regulate Ci fu
from a slight gain of function phenotype similar to that of CiΔZ2myc in one line, to n
generates a ptc-like phenotype.generated in wing imaginal discs using an Actin5Cp-“flip-
out”-GAL4 driver (Pignoni and Zipursky, 1997) and raised at
18°C to express moderate levels of the UAS constructs, which
may be less subject to artifacts. We find that both wild type Ci-ructs were expressed using ci-GAL4 (A–F 25× images). (B) Expression of UAS-
uticle and denticle patterning. (C) Expression of UAS-CiΔZ2myc generates a
dominal denticle belts is deleted and replaced by a partial duplication of anterior
nction. (D) Deletion of the NR region generates a range of phenotypes ranging
early wild type in three others (E). (F) UAS-CiZnC, like the zinc-finger deletion,
Fig. 4. Embryonic protein expression patterns. (A–D) Wg and En were assayed in ci94 embryos in which the NR and zinc-finger deletion constructs were expressed
using ci-GAL4. ci94 mutants were identified by the absence of β-Galactosidase expression. The pattern of transgene expression was visualized using the 2A1 anti-Ci
antibody (A, B, C, and D). UAS-CiΔNRmyc (stage 13) (A) and UAS-CiΔZ2myc (stage 14) (B) were both able to activate Wg expression (A′ and B′, respectively). En
expression is also maintained in UAS-CiΔNRmyc (stage 14) (C′) and UAS-CiΔZ2myc (stage 14) (D′) expressing embryos. Though we suggest the zinc-finger deletion
is a gain of function allele, the absence of a second En stripe in embryos expressing CiΔZ2myc implies that the Ci protein does not reach a fully activated state as seen
in ptcmutants. (E–G) Embryonic protein expression of Wg in embryos in which the NR and zinc-finger deletion constructs were overexpressed using prd-GAL4. The
pattern of transgene expression was visualized using the 2A1 anti-Ci antibody (E, F, and G). UAS-Ci (stage 11) (E) and UAS-CiΔNRmyc (stage 11) (F) were not able
to activate ectopic Wg (E′ and F′, respectively), while UAS-CiΔZ2myc (stage 11) (G) was able to slightly expand the domain of Wg expression (G′). Finally, the
ectopic Ci domain in G appears to be broader than in either E or F.
374 J.A. Croker et al. / Developmental Biology 291 (2006) 368–381cDNA (Fig. 5A′) and the NR deletion (Fig. 5B′) cannot activate
this reporter within anterior clones away from the compart-
ment boundary indicating that these constructs are regulated
by Hh. However, expression of the zinc-finger deletion is
capable of activating anterior 4bs-lacZ expression (Fig. 5C′)
suggesting that this deletion construct is not Hh regulated. AllFig. 5. CiΔZ2myc, but not CiΔNRmyc, inappropriately activates both a Ci-reporter a
to the left). Full-length Ci is normally expressed in a high-level stripe along the A
reporter, is expressed in a narrow stripe immediately adjacent to the A/P boundary wi
UAS-Ci-cDNA do not induce ectopic 4bsLacZ expression in the anterior compartmen
fails to induce anterior 4bsLacZ expression (B, B′). However, UAS-CiΔZ2myc d
expression of UAS-Ci-cDNA or UAS-CiΔNRmyc induces ectopic en expression (D′ a
sufficient to induce ectopic en, which requires the highest levels of Hh activity (F′)of the discs displayed overgrowth phenotypes (data not
shown) indicative of ectopic decapentaplegic (dpp) expres-
sion, a Ci target gene responsive to moderate levels of Hh
signaling (Padgett et al., 1987).
The ability of our Ci deletion constructs to activate engrailed
(en), an endogenous target of Ci, was also assayed. en isnd an endogenous Ci-target gene in wing imaginal discs (dorsal is up, anterior is
nterior/Posterior (A/P) boundary in the anterior compartment. 4bsLacZ, a Ci
thin the wing pouch in response to high levels of Hh. (A) Clones overexpressing
t as visualized with an anti-β-Gal Ab (A′). Similarly, expression of CiΔNRmyc
rives ectopic 4bsLacZ expression in anterior clones (C, C′). Further, neither
nd E′, respectively), while in some clones, high level CiΔZ2myc expression is
.
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Fig. 6. The subcellular distribution of UAS-Ci deletion constructs was assayed in the anterior compartment of wing imaginal discs (dorsal is up, anterior is to the left).
All constructs were induced clonally using an Actin5Cp-“flip-out”-GAL4 driver. Nuclear export was inhibited in wing discs with LMB. Arrowheads indicate nuclear
accumulation of Ci along the A/P boundary and arrows indicate clones within the anterior compartment but removed from Hh signaling. (A) Despite overexpression
in the anterior compartment, clonally expressed Ci from a modestly expressed UAS-Ci-cDNA does not accumulate in the nucleus. Note that nuclear accumulation of
endogenous Ci in cells along the A/P boundary is observed. Clonally expressed Ci from a highly expressed UAS-Ci-cDNA does accumulate in the nucleus in the
anterior compartment (B), as do all deletion constructs: UAS-CiΔNRmyc (C), UAS-CiΔZ2myc (D), and UAS-CiZnC (E). Co-expression of UAS-Su(fu) leads to a
redistribution of UAS-Ci-cDNA and UAS-CiΔZ2myc to the cytoplasm (G and I, respectively), while having no effect on the nuclear localization of UAS-CiΔNRmyc
and UAS-CiZnC (H and J, respectively).
376 J.A. Croker et al. / Developmental Biology 291 (2006) 368–381expressed in response to the highest level of Hh signaling (Blair,
1992). Clones overexpressing the Ci deletion constructs were
generated, and it was found that both wild type Ci-cDNA (Fig.
5D′) and the NR deletion (Fig. 5E′) do not induce ectopic en
expression. Conversely, expression of the zinc-finger deletion in
anterior clones induced ectopic en regardless of clone location
in the anterior compartment (Fig. 5F′), though only in clones
that appeared to be expressing the construct at a high level.
The nuclear import of the Ci constructs was then analyzed.
Clones expressing various UAS-Ci proteins were again gener-
ated in wing imaginal discs using an Actin5Cp-“flip-out”-
GAL4 driver (Pignoni and Zipursky, 1997) to express moder-
ate levels of the UAS constructs. Discs were subsequently
treated with a nuclear export inhibitor, Leptomycin-B (LMB)
(Kudo et al., 1998), and the subcellular distribution of Ci was
assayed. Moderately expressed wild type Ci in clones away
from the A/P boundary in the anterior compartment did not
accumulate in the nucleus, whereas wild type Ci in ectopic
clones in the posterior compartment and endogenous Ci along
the A/P boundary were nuclear (Fig. 6A). As opposed to the
results seen with the wild type UAS-construct, clonally
expressed deletion constructs as well as a highly expressed
wild type Ci construct were all observed to accumulate in the
nucleus in the presence of LMB regardless of clone location
(Figs. 6B–E).Given the presence of a putative Su(fu) binding domain
within the NR domain of Ci (Dunaeva et al., 2003), we inves-
tigated whether Su(fu) modulates Ci nuclear localization. As the
level of endogenous Su(fu) may be limiting and previous studies
have shown that Su(fu) is required to sequester overexpressed
wild type Ci in the cytoplasm (Wang et al., 2000), we co-
expressed UAS-Su(fu) with the Ci constructs and assayed the
subcellular distribution of Ci. We exploited a highly expressed
wild type UAS-CicDNA which localizes to the nucleus away
from high level Hh signaling (Fig. 6B). Addition of Su(fu) led to
a shift in the distribution of Ci such that it accumulated in the
cytoplasm away from Hh (Fig. 6G). Expression of UAS-Su(fu)
with UAS-CiΔZ2myc also led to cytoplasmic localization of the
Ci deletion construct (Fig. 6I). Conversely, overexpression of Su
(fu) did not alter the nuclear localization of the NR deletion
construct suggesting that interaction between Su(fu) and the NR
domain of Ci is required for appropriate subcellular distribution
of the molecule (Fig. 6H). Similarly, overexpression of Su(fu)
and CiZnC led to nuclear accumulation of the deletion construct
away from Hh signaling (Fig. 6J).
In order to test whether the interaction between the hGLI1
NR and hSu(fu) (Dunaeva et al., 2003) is conserved in Dro-
sophila, we performed a yeast two hybrid assay and determined
that indeed the NR domain of Ci interacts with Su(fu). A
second hGli1-hSu(fu) interaction has been reported between
Fig. 7. The NR domain of Ci interacts with Su(fu). (A) Plasmids present within the diploid are indicated in each sector. (B) Growth of the diploid strain on SC minus
Trp and Leu media. (C) Growth of the diploid strain on SC minus Trp, Leu, Ura media. Su(fu)/pCD.2 is a DNA binding domain fusion of Su(fu), CiNR/pACT.2 is a
transcription activation domain fusion of the NR domain of Ci. S. Var/pACT.2 is a transcription activation domain fusion of truncated Varicose, a protein with no
expected association with Su(fu). pACT.2 is the transcription activation domain plasmid without an insert, and Ci CT/pACT.2 is a transcription activation domain
fusion of a C terminal domain of Ci that we previously found to interact with Su(fu).
Fig. 8. Ci constructs vary in their ability to repress hh-lacZ expression (dorsal is
up, anterior is to the left). Clones are indicated by white arrowheads. Wing
imaginal discs in whichUAS constructs were expressed in the entire wing pouch
using the MS1096-GAL4 driver could be identified by overgrowth phenotypes.
hh-lacZ expression was examined in smo mutant clones (absence of GFP). (B)
UAS-Ci-cDNA can repress hh-lacZ expression in posterior smo clones (identi-
fied in panel A by lack of GFP expression) presumably because it is processed
into Ci-75. Alternately, UAS-CiΔZ2myc fails to repress hh-lacZ (D; clones
identified in panel C). The insets in panel D are 40× enlargements of the
boundary clone shown in panel C and its corresponding hh-lacZ expression.
(F) Ci in which the NR region is deleted retains the ability to repress hh-lacZ
expression (clones identified in panel E).
377J.A. Croker et al. / Developmental Biology 291 (2006) 368–381the C-terminal domain of hGLI1 and hSu(fu) (Merchant et al.,
2004); this interaction is also conserved between Ci and Su(fu)
(Fig. 7C).
Finally, experiments were performed to determine if the
deletion constructs are proteolytically processed. Normally,
Ci is processed into the Ci-75 repressor in the absence of
Hh signaling (Aza-Blanc et al., 1997). This repressor form
has been shown to regulate hh transcription (Methot and Basler,
1999). To test for processing in vivo, the constructs were
ectopically expressed with the MS1096-GAL4 driver, the ex-
pression domain of which is largely specific to the wing pouch.
Discs expressing the UAS constructs were identified by virtue
of the overgrowth phenotype. smo clones were simultaneously
generated to block Hh signaling, and the expression of a hh-
lacZ reporter construct was assayed. We expect that if Ci can be
processed, the truncated form should be generated in the pos-
terior smo clones and repress hh-lacZ expression. Further,
endogenous ci is not expressed in the posterior compartment,
so any effects can be attributed to the UAS construct.
As expected, wild type Ci assayed in posterior smo clones
was found to repress hh-lacZ expression, demonstrating the
presence of the Ci-75 repressor (Figs. 8A, B). When we ana-
lyzed the ectopic expression of UAS-CiΔNRmyc in smo clones,
hh-lacZ expression is also repressed (Figs. 8E, F). However, in
the case of UAS-CiΔZ2myc, it was found that the zinc-finger
deletion failed to repress transcription of hh-lacZ (Figs. 8C, D).
To determine whether the CiΔZ2myc protein was processed
into the repressor form, ci-GAL4 was used to direct the expres-
sion of UAS-CiΔZ2myc in embryos (Fig. 9). 5–10 h old em-
bryos were collected and protein extracts generated. Whereas
the endogenous Ci protein is processed into Ci-75, the CiΔZ2-
myc protein is not.
Discussion
Ci retains two highly conserved motifs with vertebrate GLI
proteins
Despite 500 million years of divergence between higher
vertebrates and Drosophila, many proteins have homologues
with extensive sequence conservation. This is well exemplified
by the GLI family of transcription factors and their fly coun-
terpart, Ci (Kinzler and Vogelstein, 1990; Orenic et al., 1990;
Fig. 9. UAS-CiΔZ2myc fails to be processed into Ci-75. UAS-CiΔZ2myc is not
proteolytically processed in embryos. 5–10 h after egg laying embryo collec-
tions were homogenized, the samples split in half, the proteins separated by
SDS-PAGE and analyzed by Western blot using either an anti-Myc primary
antibody or anti-Ci 1C2, which recognizes an epitope in the Zn finger domain.
Lane 1, UAS-CiΔZ2myc/+; ci-GAL4/+. Lane 2, ci-GAL4. Lane 3, UAS-CiΔZ2-
myc/+; ci-GAL4/+. Lane 4, ci-GAL4. The anti-Myc antibody detects a full-
length band of Ci. A couple of background bands are observed in both the
control (2) and experimental lanes (1) in the region where the Ci repressor form
might be expected to migrate so it is possible that a very small amount of
CiΔZ2myc is processed. The fraction of Ci protein processed is dramatically
lower than that of the wild type endogenous Ci (lanes 3 and 4), which is
detected with the 1C2 monoclonal (1C2 does not appear to recognize CiΔZ2).
378 J.A. Croker et al. / Developmental Biology 291 (2006) 368–381Ruppert et al., 1990; Tanimura et al., 1998). Over their entirety,
Ci and the human GLIs share over 22% amino acid identity. Ci
and human GLI3 are even more similar, at greater than 27%
identity. Though the proteins' sequences have diverged, the two
domains studied here remain strikingly similar. We exploited
this information to further our understanding of the complex
regulation of Ci in Drosophila.
Amino acid comparisons of the mouse and human GLI1,
GLI2, and GLI3 proteins with Drosophila Ci show an expected
high degree of conservation in the DNA-binding domain,
which consists of five tandem C2–H2 zinc-fingers. This domain
in all of the GLI homologs appears to recognize the same DNA
target sequence (Alexandre et al., 1996; Kinzler and Vogelstein,
1990). Furthermore, the Gli proteins have been shown to reca-
pitulate the multifaceted functions of Ci in flies (Aza-Blanc et
al., 2000; von Mering and Basler, 1999). We focused our
attention on the first two of five zinc-fingers, which have not
been implicated in significant DNA contacts (Pavletich and
Pabo, 1993). Sequence analysis shows 58% identity over the
60 amino acids that constitute the region. While this is substan-
tially less than the 91% identity of the three DNA binding zinc-
fingers, it is nonetheless impressive.
A second domain N-terminal to the DNA-binding domain
also shares considerable sequence identity with the vertebrate
homologues. In this case, the region, which we have termed
“NR”, appears to be present in Ci, GLI1, GLI2, and GLI3.
There exists no obvious NR motif in the nematode homologue
Tra-1 (Zarkower and Hodgkin, 1992). This region retains
greater than 57% identity over 49 amino acids examined in
the mouse, human, and fly proteins (72% identity between Ciand its closest homolog GLI3). Over one quarter of this
domain consists of perfectly conserved serines, threonines,
and tyrosines. We speculate that this module contains phos-
phorylation sites that contribute to the proper regulation of
these transcription factors, perhaps by modulating interaction
with Su(fu).
The first two Ci zinc-fingers are required for Ci proteolysis
Analysis of en and 4bsLacZ gene expression in wing disc
clones expressing UAS-CiΔZ2myc induced by the Actin5Cp-
“flip-out”-GAL4 driver shows that a Ci molecule lacking the
first two zinc-fingers retains the ability to bind DNA and
activate transcription. This is consistent with the crystal struc-
ture of the DNA–Gli1 complex (Pavletich and Pabo, 1993).
Gene expression in this context is Hh-independent, but it is a
possible consequence of overexpression, as a wild type UAS-
Ci-cDNA can activate these target genes if it is expressed at
very high levels. In contrast to our results, Sasaki et al. (1999)
found that deleting the N-terminal domain and first two zinc-
fingers of Gli2 prevented activation of a luciferase reporter with
eight Gli binding sites.
To better gauge the regulation of CiΔZ2myc, it was also
analyzed in ci94 null mutant embryos using the ci-GAL4 driver.
Embryonic cuticles expressing UAS-CiΔZ2myc in the anterior
compartment of every segment show a gain-of-function pheno-
type reminiscent of cos2 and ptc mutants (Grau and Simpson,
1987; Nusslein-Volhard et al., 1984). This suggests that the first
two zinc-fingers provide a negative regulatory or repressive
function. Supporting this hypothesis is the observation that
CiΔZ2myc fails to repress hh-lacZ expression in posterior
smo clones. The lost repressive activity could be accounted
for in a number of different ways. It is possible that the first
two zinc fingers recruit a co-repressor protein or that they are
required for proper modification of Ci. Alternately, it is possible
that this construct is not processed into the repressor form in the
absence of Hh signaling. We currently favor the latter hypoth-
esis as Western blot analysis of the CiΔZ2myc protein fails to
show a truncated repressor form (Fig. 9). Further, there is a
broadening of the domain of ectopic CiΔZ2myc in embryos
(Fig. 4G) compared to overexpression of both wild type Ci and
CiΔNRmyc (Figs. 4E and F, respectively), which is consistent
with a processing defect of this molecule. These results extend
previous work showing that the zinc finger domain as a whole
is required for processing into the Ci-75 repressor (Chen et al.,
1999). In addition to the apparent defect in proteolytic proces-
sing, the nuclear import of CiΔZ2myc appears to be Hh-inde-
pendent. These phenotypes could be caused by a failure of the
CiΔZ2myc protein to efficiently complex with Fu, Su(fu), and
Cos2, but the known binding sites for these proteins are all
retained in CiΔZ2myc. Rather, this is likely an effect of over-
expression as co-expression with Su(fu) leads to cytoplasmic
retention of CiΔZ2myc.
While the CiΔZ2myc construct shows some Hh-indepen-
dent function, the protein does not appear to be fully active in
the absence of Hh signaling. In ptc mutant embryos, where
the pathway is fully activated, the stripe of en expression is
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Arias et al., 1988). This does not occur with CiΔZ2myc
(Fig. 4D′).
The NR region may regulate Su(fu) interaction with Ci
Studies on the function of a Ci construct in which sequences
amino-terminal to the zinc-finger DNA binding domain were
deleted have been reported previously (Hepker et al., 1997).
Expression of the CiZnC protein in the posterior compartment
of embryos leads to ectopic ptc activation.
Our findings extend the former observations by using ci-
GAL4 to drive continuous expression of transgenes in the
anterior compartment. In the case of embryonic cuticle pattern-
ing, we show that the CiZnC protein induced by ci-GAL4
actually has a gain-of-function phenotype when expressed in
embryos lacking endogenous Ci. The gain-of-function pheno-
type suggests the existence of domains in the amino-terminus
of the Ci protein that regulate the function of the full-length
molecule or contribute to the repressor function of Ci-75. Two
obvious candidates are amino acid regions 1–346 and 346–430
which bind Su(fu) and Cos2, respectively (Monnier et al., 1998,
2002; Wang et al., 2000). The NR region (AA 208–260) is
likely to be important for Ci binding to Su(fu), as it has been
shown that amino acids 116–125 of the human Gli1 protein are
critical for Su(fu) binding, especially the SYGHLS amino acid
motif at the end of the domain (Dunaeva et al., 2003). This
interaction domain sequence corresponds to amino acids 245–
254 of the Ci NR domain, which retains perfect conservation of
the SYGHXS motif.
When the amino-terminal deletion is restricted specifically
to the NR region (208–260), embryonic development is es-
sentially normal. We have also demonstrated that the CiΔNR-
myc protein retains the ability to repress hh-lacZ in posterior
smo clones and thus is presumably processed into the repres-
sor form. On the other hand, when CiΔNRmyc is expressed
in wing imaginal disc clones using “flip-out” Gal4, it is not
properly sequestered in the cytoplasm. This phenotype may be
in part a consequence of protein overexpression, but wild type
Ci expressed at similar levels is properly sequestered in the
cytoplasm in the absence of Hh signaling. These results might
be expected if the role of the NR domain is to regulate the
interaction of Ci with Su(fu). Su(fu) mutants are viable and
only have subtle patterning defects, and thus, a mutation in Ci
that disrupted Su(fu) interaction should be relatively normal.
However, in conditions of Ci overexpression, it has been
shown that Su(fu) is required for Ci cytoplasmic retention
(Wang et al., 2000). Indeed, we demonstrated that overexpres-
sion of Su(fu) can restore proper cytoplasmic localization of a
highly expressed wild type Ci molecule, but cannot rescue the
CiΔNRmyc nuclear localization phenotype suggesting that the
NR domain does modulate Ci/Su(fu) interaction. Our yeast
two-hybrid results show that this conserved interaction be-
tween Ci and Su(fu) is direct. We postulate that modification
of the NR domain at conserved putative phosphorylation sites
modulates the molecule's interaction with Su(fu). Su(fu)
appears able to act as a Ci sponge and to sequester excessCi in the cytoplasm. This may explain in part why Su(fu)
mutants have such a subtle phenotype. Under normal circum-
stances, Cos2 and the other components of the cytoplasmic
complex are able to retain Ci in the cytoplasm. Su(fu) pro-
vides a redundant mechanism for sequestering any Ci that
escapes.
Given that deletion of the NR region fails to generate a
strong gain-of-function phenotype, an additional negative reg-
ulatory element must exist in the amino-terminus outside of the
NR region. Two candidates are the Cos2 binding region (346–
430) and a pair alanine-rich clusters in the Ci N-terminus that
may function as a repressor domain (Han and Manley, 1993).
Our analysis of the NR region and the first two zinc-fingers
demonstrates that both are required for negative regulation of
the Ci protein. The NR domain functions to regulate interaction
with the Su(fu) protein which in turn modulates the subcellular
localization of the transcription factor. In the case of the first
two zinc-fingers, the interacting proteins are unknown, but are
likely to play important roles in Ci regulation.Acknowledgments
We are grateful for antibodies provided by Nipam Patel
(Anti-En) and Isabel Guerrero (Anti-Ptc). We thank K.
Bochenska for generating the data for Fig. 9, R. Clubb for
helping to build the ΔNR construct, M. Yoshida for generously
providing LMB, S. Smolik for generating the ci-GAL4 trans-
genic line, K. Kantor and K. McCabe for generating other
transgenic lines, V. Wu for providing varicose/pACT.2/
YD119, B. Sisson for providing UAS-Su(fu), and W. Russin
for assistance with confocal microscopy. We also thank M.
Lefers, B. Sisson, K. McCabe, and M. Dempsey for discus-
sions and critical comments on the manuscript. This work is
supported by NIH grants GM57450 and ES10549, the Robert
H. Lurie Comprehensive Cancer Center, the Cell and Molecu-
lar Basis of Disease Training Grant, and the Training Program
in Oncogenesis and Developmental Biology.References
Alcedo, J., Ayzenzon, M., Von Ohlen, T., Noll, M., Hooper, J.E., 1996. The
Drosophila smoothened gene encodes a seven-pass membrane protein, a
putative receptor for the hedgehog signal. Cell 86, 221–232.
Alcedo, J., Zou, Y., Noll, M., 2000. Posttranscriptional regulation of smoothened
is part of a self-correcting mechanism in the Hedgehog signaling system.
Mol. Cell 6, 457–465.
Alexandre, C., Jacinto, A., Ingham, P., 1996. Transcriptional activation of
hedgehog target genes in Drosophila is mediated directly by the Cubitus
interruptus protein, a member of the GLI family of zinc finger DNA-binding
proteins. Genes Dev. 10, 2003–2013.
Alves, G., Limbourg-Bouchon, B., Tricoire, H., Brissard-Zahraoui, J., Lamour-
Isnard, C., Busson, D., 1998. Modulation of Hedgehog target gene
expression by the fused serine–threonine kinase in wing imaginal discs.
Mech. Dev. 78, 17–31.
Aza-Blanc, P., Ramirez-Weber, F., Laget, M., Schwartz, C., Kornberg, T., 1997.
Proteolysis that is inhibited by hedgehog targets Cubitus interruptus protein
to the nucleus and converts it to a repressor. Cell 89, 1043–1053.
Aza-Blanc, P., Lin, H.Y., Ruiz i Altaba, A., Kornberg, T.B., 2000. Expression of
380 J.A. Croker et al. / Developmental Biology 291 (2006) 368–381the vertebrate Gli proteins in Drosophila reveals a distribution of activator
and repressor activities. Development 127, 4293–4301.
Blair, S.S., 1992. Engrailed expression in the anterior lineage compartment of
the developing wing blade of Drosophila. Development 115, 21–33.
Brand, A., Perrimon, N., 1993. Targeted gene expression as a means of altering
cell fates and generating dominant phenotypes. Development 118, 401–415.
Capdevila, J., Estrade, M.P., Sanchez-Herrero, E., Guerrero, I., 1994. The
Drosophila segment polarity gene patched interacts with decapentaplegic in
wing development. EMBO J. 13, 71–82.
Carroll, S., Whyte, J., 1989. The role of the hairy gene during Drosophila
morphogenesis: stripes in imaginal discs. Genes Dev. 3, 905–916.
Chen, C.H., von Kessler, D.P., Park, W., Wang, B., Ma, Y., Beachy, P.A., 1999.
Nuclear trafficking of Cubitus interruptus in the transcriptional regulation of
Hedgehog target gene expression. Cell 98, 305–316.
Chen, Y., Struhl, G., 1996. Dual roles for patched in sequestering and
transducing Hedgehog. Cell 87, 553–563.
Chen, Y., Struhl, G., 1998. In vivo evidence that Patched and Smoothened
constitute distinct binding and transducing components on a Hedgehog
receptor complex. Development 125, 4943–4948.
Crick, F.H., Lawrence, P.A., 1975. Compartments and polyclones in insect
development. Science 189, 340–347.
Desplan, C., Theis, J., O'Farrell, P.H., 1985. The Drosophila developmental
gene, engrailed, encodes a sequence-specific DNA binding activity. Nature
318, 630–635.
Dominguez, M., Brunner, M., Hafen, E., Basler, K., 1996. Sending and
receiving the hedgehog signal: control by theDrosophilaGli protein Cubitus
interruptus. Science 272, 1621–1625.
Dunaeva, M., Michelson, P., Kogerman, P., Toftgard, R., 2003. Characterization
of the physical interaction of Gli proteins with SUFU proteins. J. Biol.
Chem. 278, 5116–5122.
Durfee, T., Draper, O., Zupan, J., Conklin, D.S., Zambryski, P.C., 1999. New
tools for protein linkage mapping and general two-hybrid screening. Yeast
15, 1761–1768.
Eaton, S., Kornberg, T., 1990. Repression of ciD in posterior compartments of
Drosophila by engrailed. Genes Dev. 4, 1068–1077.
Fukumoto, T., Watanabe-Fukunaga, R., Fujisawa, K., Nagata, S., Fukunaga, R.,
2001. The fused protein kinase regulates Hedgehog-stimulated transcrip-
tional activation in Drosophila Schneider 2 cells. J. Biol. Chem. 276,
38441–38448.
Garcia-Bellido, A., Ripoll, P., Morata, G., 1973. Developmental compartmen-
talisation of the wing disk of Drosophila. Nat. Neuro-Biol. 245, 251–253.
Golic, K.G., Lindquist, S., 1989. The FLP recombinase of yeast catalyzes site-
specific recombination in the Drosophila genome. Cell 59, 499–509.
Grau, Y., Simpson, P., 1987. The segment polarity gene costal-2 in Drosophila.
Dev. Biol. 122, 186–200.
Han, K., Manley, J.L., 1993. Functional domains of the Drosophila Engrailed
protein. EMBO J. 12, 2723–2733.
Hepker, J., Wang, Q., Motzny, C., Holmgren, R., Orenic, T., 1997. Drosophila
cubitus interruptus forms a negative feedback loop with patched and
regulates expression of Hedgehog target genes. Development 124, 549–558.
Hepker, J., Blackman, R.K., Holmgren, R., 1999. Cubitus interruptus is
necessary but not sufficient for direct activation of a wing-specific
decapentaplegic enhancer. Development 126, 3669–3677.
Hooper, J.E., 2003. Smoothened translates Hedgehog levels into distinct
responses. Development 130, 3951–3963.
Hooper, J.E., Scott, M.P., 2005. Communicating with Hedgehogs. Nat. Rev.,
Mol. Cell Biol. 6, 306–317.
Ingham, P.W., 1991. Segment polarity genes and cell patterning within the
Drosophila body segment. Curr. Opin. Genet. Devel. 1, 261–267.
Ingham, P.W., McMahon, A.P., 2001. Hedgehog signaling in animal
development: paradigms and principles. Genes Dev. 23, 3059–3087.
Ingham, P.W., Taylor, A.M., Nakano, Y., 1991. Role of the Drosophila patched
gene in positional signalling. Nature 353, 184–187.
Jia, J., Tong, C., Jiang, J., 2003. Smoothened transduces Hedgehog signal by
physically interacting with Costal2/Fused complex through its C-terminal
tail. Genes Dev. 17, 2709–2720.
Kinzler, K., Vogelstein, B., 1990. The GLI gene encodes a nuclear protein which
binds specific sequences in the human genome.Mol. Cell. Biol. 10, 634–642.Kudo, N., Wolff, B., Sekimoto, T., Schreiner, E.P., Yoneda, Y., Yanagida, M.,
Horinouchi, S., Yoshida, M., 1998. Leptomycin B inhibition of signal-
mediated nuclear export by direct binding to CRM1. Exp. Cell. Res. 242,
540–547.
Lee, J.J., von Kessler, D.P., Parks, S., Beachy, P.A., 1992. Secretion and
localized transcription suggest a role in positional signaling for products of
the segmentation gene hedgehog. Cell 71, 33–50.
Lefers, M.A., Wang, Q.T., Holmgren, R.A., 2001. Genetic dissection of the
Drosophila Cubitus interruptus signaling complex. Dev. Biol. 236,
411–420.
Lum, L., Zhang, C., Oh, S., Mann, R.K., von Kessler, D.P., Taipale, J., Weis-
Garcia, F., Gong, R., Wang, B., Beachy, P.A., 2003. Hedgehog signal
transduction via Smoothened association with a cytoplasmic complex
scaffolded by the atypical kinesin, Costal-2. Mol. Cell 12, 1261–1274.
Martinez Arias, A., Baker, N.E., Ingham, P.W., 1988. Role of segment polarity
genes in the definition and maintenance of cell states in the Drosophila
embryo. Development 103, 157–170.
Merchant, M., Vajdos, F.F., Ultsch, M., Maun, H.R., Wendt, U., Cannon, J.,
Desmarais, W., Lazarus, R.A., de Vos, A.M., de Sauvage, F.J., 2004.
Suppressor of fused regulates Gli activity through a dual binding
mechanism. Mol. Cell. Biol. 24, 8627–8641.
Methot, N., Basler, K., 1999. Hedgehog controls limb development by
regulating the activities of distinct transcriptional activator and repressor
forms of Cubitus interruptus. Cell 96, 819–831.
Methot, N., Basler, K., 2000. Suppressor of fused opposes hedgehog signal
transduction by impeding nuclear accumulation of the activator form of
Cubitus interruptus. Development 127, 4001–4010.
Mohler, J., Vani, K., 1992. Molecular organization and embryonic expression of
the hedgehog gene involved in cell–cell communication in segmental
patterning of Drosophila. Development 115, 957–971.
Monnier, V., Dussillol, F., Alves, G., Lamour-Isnard, C., Plessis, A., 1998.
Suppressor of fused links fused and Cubitus interruptus on the hedgehog
signalling pathway. Curr. Biol. 8, 583–586.
Monnier, V., Ho, K., Sanial, M., Scott, M., Plessis, A., 2002. Hedgehog signal
transduction proteins: contacts of the Fused kinase and Ci transcription
factor with the Kinesin-related protein Costal2. BMC Dev. Biol. 2, 4.
Morata, G., Lawrence, P., 1975. Control of compartment development by the
engrailed gene of Drosophila. Nature 255, 614–617.
Motzny, C.K., Holmgren, R., 1995. The Drosophila cubitus interruptus protein
and its role in the wingless and hedgehog signal transduction pathways.
Mech. Dev. 52, 137–150.
Nusslein-Volhard, C., Wieschaus, E., Kluding, H., 1984. Mutations affecting the
pattern of the larval cuticle in Drosophila melanogaster: I. Zygotic loci on
the second chromosome. Roux's Arch. Dev. Biol. 193, 267–282.
Ogden, S.K., Ascano Jr., M., Stegman, M.A., Suber, L.M., Hooper, J.E.,
Robbins, D.J., 2003. Identification of a functional interaction between the
transmembrane protein Smoothened and the kinesin-related protein Costal2.
Curr. Biol. 13, 1998–2003.
Orenic, T.V., Slusarski, D.C., Kroll, K.L., Holmgren, R.A., 1990. Cloning and
characterization of the segment polarity gene cubitus interruptus dominant
of Drosophila. Genes Dev. 4, 1053–1067.
Padgett, R.W., St. Johnston, R.D., Gelbart, W.M., 1987. A transcript from a
Drosophila pattern gene predicts a protein homologous to the transforming
growth factor-beta family. Nature 325, 81–84.
Patel, N.H., Martin-Blanco, E., Coleman, K.G., Poole, S.J., Ellis, M.C.,
Kornberg, T.B., Goodman, C.S., 1989. Expression of engrailed proteins in
arthropods, annelids, and chordates. Cell 58, 955–968.
Pavletich, N.P., Pabo, C.O., 1993. Crystal structure of a five-finger GLI–DNA
complex: new perspectives on zinc fingers. Science 261, 1701–1707.
Pham, A., Therond, P., Alves, G., Tournier, F.B., Busson, D., Lamour-Isnard, C.,
Bouchon, B.C., Preat, T., Tricoire, H., 1995. The Suppressor of fused gene
encodes a novel PEST protein involved in Drosophila segment polarity
establishment. Genetics 140, 587–598.
Pignoni, F., Zipursky, S.L., 1997. Induction of Drosophila eye development by
decapentaplegic. Development 124, 271–278.
Preat, T., 1992. Characterization of Suppressor of fused, a complete suppressor
of the fused segment polarity gene of Drosophila melanogaster. Genetics
132, 725–736.
381J.A. Croker et al. / Developmental Biology 291 (2006) 368–381Robbins, D.J., Nybakken, K.E., Kobayashi, R., Sisson, J.C., Bishop, J.M.T., P.
P., 1997. Hedgehog elicits signal transduction by means of a large complex
containing the kinesin-related protein costal-2. Cell 90, 225–234.
Ruel, L., Rodriguez, R., Gallet, A., Lavenant-Staccini, L., Therond, P.P.,
2003. Stability and association of Smoothened, Costal2 and Fused with
Cubitus interruptus are regulated by Hedgehog. Nat. Cell Biol. 5,
907–913.
Ruppert, J.M., Vogelstein, B., Arheden, K., Kinzler, K., 1990. GLI3 encodes a
190-kilodalton protein with multiple regions of GLI similarity. Mol. Cell.
Biol. 10, 5408–5415.
Sanchez-Herrero, E., Couso, J.P., Capdevila, J., Guerrero, I., 1996. The fu gene
discriminates between pathways to control dpp expression in Drosophila
imaginal discs. Mech. Dev. 55, 159–170.
Sasaki, H., Nishizaki, Y., Hui, C., Nakafuku, M., Kondoh, H., 1999. Regulation
of Gli2 and Gli3 activities by an amino-terminal repression domain:
implication of Gli2 and Gli3 as primary mediators of Shh signaling.
Development 126, 3915–3924.
Schiestl, R.H., Gietz, R.D., 1989. High efficiency transformation of intact yeast
cells using single stranded nucleic acids as a carrier. Curr. Genet. 16,
339–346.
Sisson, J.C., Ho, K.S., Suyama, D., Scott, M.P., 1997. Costal2, a novel kinesin-
related protein in the hedgehog signalling pathway. Cell 90, 236–245.
Slusarski, D.C., Motzny, C.K., Holmgren, R., 1995. Mutations that alter the
timing and pattern of cubitus interruptus gene expression in Drosophila
melanogaster. Genetics 139, 229–240.
Stegman, M.A., Goetz, J.A., Ascano Jr., M., Ogden, S.K., Nybakken, K.E.,
Robbins, D.J., 2004. The kinesin related protein Costal2 associates with
membranes in a hedgehog sensitive, smoothened independent manner. J.
Biol. Chem. 279, 7064–7071.
Tabata, T., Eaton, S., Kornberg, T.B., 1992. The Drosophila hedgehog gene is
expressed specifically in posterior compartment cells and is a target of
engrailed regulation. Genes Dev. 6, 2635–2645.
Tanimura, A., Dan, S., Yoshida, M., 1998. Cloning of novel isoforms of the
human Gli2 oncogene and their activities to enhance tax-dependenttranscription of the human T-cell leukemia virus type 1 genome. J. Virol.
72, 3958–3964.
van den Heuvel, M., Ingham, P.W., 1996. Smoothened encodes a receptor-
like serpentine protein required for hedgehog signaling. Nature 382,
547–551.
van den Heuvel, M., Nusse, R., Johnston, P., Lawrence, P.A., 1989. Distribution
of the wingless gene product in Drosophila embryos: a protein involved in
cell–cell communication. Cell 59, 739–749.
Van der Meer, J.M., 1977. Optical clean and permanent whole mount
preparations for phase contrast microscopy of cuticular structures of insect
larvae. Drosoph. Inf. Serv. 52, 160.
von Mering, C., Basler, K., 1999. Distinct and regulated activities of human Gli
proteins in Drosophila. Curr. Biol. 9, 1319–1322.
Wang, Q.T., Holmgren, R.A., 1999. The subcellular localization and activity of
Drosophila cubitus interruptus are regulated at multiple levels. Development
126, 5097–5106.
Wang, Q.T., Holmgren, R.A., 2000. Nuclear import of cubitus interruptus is
regulated by hedgehog via a mechanism distinct from Ci stabilization and Ci
activation. Development 127, 3131–3139.
Wang, G., Amanai, K., Wang, B., Jiang, J., 2000. Interactions with Costal2 and
suppressor of fused regulate nuclear translocation and activity of cubitus
interruptus. Genes Dev. 14, 2893–2905.
Xu, T., Rubin, G.M., 1993. Analysis of genetic mosaics in developing and adult
Drosophila tissues. Development 117, 1223–1237.
Zarkower, D., Hodgkin, J., 1992. Molecular analysis of the C. elegans sex-
determining gene tra-1: a gene encoding two zinc finger proteins. Cell 70,
237–249.
Zhang, Y., Ungar, A., Fresquez, C., Holmgren, R., 1994. Ectopic expression of
either the Drosophila gooseberry-distal or proximal gene causes alterations
of cell fate in the epidermis and central nervous system. Development 120,
1151–1161.
Zhu, A.J., Zheng, L., Suyama, K., Scott, M.P., 2003. Altered localization of
Drosophila Smoothened protein activates Hedgehog signal transduction.
Genes Dev. 17, 1240–1252.
